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AggregationAlamethicin is a 19-amino-acid residue hydrophobic peptide of the peptaibol family that has been the object
of numerous studies for its ability to produce voltage-dependent ion channels in membranes. In this work,
for the ﬁrst time electron paramagnetic resonance spectroscopy was applied to study the interaction of
alamethicin with oriented bicelles. We highlighted the effects of increasing peptide concentrations on both
the peptide and the membrane in identical conditions, by adopting a twofold spin labeling approach, placing
a nitroxidemoiety either on the peptide or on the phospholipids. The employment of bicelles affords addition-
al spectral resolution, thanks to the formation of amacroscopically oriented phase that allows to gain informa-
tion on alamethicin orientation and dynamics. Moreover, the high viscosity of the bicellar solution permits the
investigation of the peptide aggregation properties at physiological temperature. We observed that, at 35 °C,
alamethicin adopts a transmembrane orientation with the peptide axis forming an average angle of 25° with
respect to the bilayer normal. Moreover, alamethicinmaintains its dynamics and helical tilt constant at all con-
centrations studied. On the other hand, by increasing the peptide concentration, the bilayer experiences an ex-
ponential decrease of the order parameter, but does not undergo micellization, even at the highest peptide to
lipid ratio studied (1:20). Finally, the aggregation of the peptide at physiological temperature shows that the
peptide is monomeric at peptide to lipid ratios lower than 1:50, then it aggregates with a rather broad distri-
bution in the number of peptides (from 6 to 8) per oligomer.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Peptaibols are a family of non-ribosomally synthesized peptides
characterized by Aib-rich (Aib, α-aminoisobutyric acid) primary
structures and a C-terminal 1,2-amino alcohol. In view of their antibi-
otic activity they are also termed peptaibiotics [1]. Alamethicin, a hy-
drophobic, helical peptide, is by far the most extensively studied
peptaibol [1,2]. It is produced by the fungus Trichoderma viride as a
mixture of congeners. The sequence of the predominant (ca. 75%)
neutral species, alamethicin F50/5, is: Ac–Aib–Pro–Aib–Ala–Aib–Ala–
Gln–Aib–Val–Aib-Gly–Leu–Aib–Pro–Val–Aib–Aib–Gln–Gln–Phol, where
Ac is acetyl and Phol is the 1,2 amino alcohol phenylalaninol.
Alamethicin has been the object of countless studies, both experi-
mental and theoretical [2], to investigate the molecular mechanisms
of its antimicrobial activity, that has been ascribed to the formation
of voltage-dependent pores in lipid membranes that lead to bacterial
cell death bymembrane depolarization [3]. Consecutive steps in chan-
nel conductance support for alamethicin the so-called barrel-stave
pore model [4–6], in which oligomers [7], ideally composed of parallel
helices in close contact and surrounding a central aqueous pore, span
the membrane. Apparently, these oligomers form in the presence of a: +39 049 827 5135.
iero).
l rights reserved.transmembrane potential that acts as one of the driving forces of pore
formation [3,7,8]. Alamethicin was reported to bind to the membrane
also as a monomer, but the orientation and dynamics of monomeric
alamethicin and how it is linked to pore formation are still a matter
of debate [9–16].
Monomeric alamethicin has been suggested to adopt a transmem-
brane orientation [9,13,14,17–19], or to lie on the membrane surface
[8,20], or to adopt both orientations, depending on the experimental
conditions [21,22]. It has been reported also a continuous distribution
of orientations [23].
Spin-labeling EPR spectroscopy is a well-proven technique for
studying the interactions of solutes with lipid membranes, with the
valuable feature of a great sensitivity, which allows its use under
high dilution conditions [24]. It provides information on themolecular
environment, orientational order and dynamics of the paramagnet-
ic probe, which may be either the solute itself or a spin-labeled lipid.
Many spin-labeling EPR studies have been carried out on alamethicin
focusing on the interaction between the labeled peptide and model
lipid bilayers of different compositions such as vesicles or supported
lipids composed of unlabeled phospholipids [9,12–14,25–27], but no
EPR studies exist of alamethicin interacting with bicelles. Bicelles,
amongmodel lipidmembranes, offer the advantage of additional spectral
resolution relative to vesicles, due to the possibility of obtaining oriented
phases in the magnetic ﬁeld of the EPR spectrometer at physiological
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erty is important to characterize the orientation and degree of order
of membrane-bound species that have anisotropic orientational
distribution [29,30], such as peptides interacting with membranes.
Another important advantage of bicelles is that the solution is
extremely viscous at 35 °C, allowing the study of alamethicin
aggregation with reasonable precision at physiological temperature
(vide infra), while it is normally done at liquid nitrogen tempera-
tures, a condition that could affect the aggregation properties. Final-
ly, the curvature stress of the membrane is negligible in bicelles and
the membrane is fully hydrated.
In this work, we applied spin-labeling EPR spectroscopy to investi-
gate, as a function of the peptide to lipid ratio (P:L), the orientation, dy-
namics and aggregation properties of alamethicin in bicelles and how
this peptaibol affects the lipid packing. Our conclusions are supported
by the careful simulation of the EPR lineshapes. Differently from previ-
ous studies, the labeling approach we report in this work is twofold:
the nitroxide spin label is placed either on the lipids interacting with
natural alamethicin, or on alamethicin itself interacting with unlabeled
bicelles. Spin-labeled alamethicin analogs were synthesized, in which
the helicogenic, nitroxide-containing, amino acid TOAC (2,2,6,6-
tetramethylpiperidino-1-oxy-4-amino-4-carboxylic acid) [31,32] was
inserted at position 8 or 16 (AlmT8 and AlmT16 analogs, Fig. 1). This
versatile probe has been largely exploited to study the biological prop-
erties of peptides [33,34]. For synthetic reasons, the three Gln were re-
placed by three Glu(OMe) residues: this substitution speeds up the
peptide synthesis because it avoids the ammonolysis step that usually
results in difﬁcult-to-purify reaction mixtures. Previously reported re-
sults pointed out that this substitution does not affect signiﬁcantly the
peptide 3D structure [35,36].
2. Experimental
2.1. Materials
Natural alamethicin from T. viride (the mix of the natural isoforms)
was purchased from Sigma-Aldrich. AlmGluOMe [36], AlmT8 [37], and
AlmT16 [37] were synthesized as previously described. 1,2-Dihexanoyl-
sn-glycero-3-phosphocholine (DHPC), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), and 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-
glycero-3-phosphocholine (5DPC), were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) as chloroform solutions. 2-[4-(2-Hydroxy-
ethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) and the lanthanide
salts TmCl3·6H2O and DyCl3·6H2O were purchased from Sigma-
Aldrich. A 50 mM, pH 7.0, HEPES buffer solution was prepared to be
used for bicelle preparation, and for the stock solutions of Tm3+ and
Dy3+.
2.2. Bicelle stock preparation
The chloroform solutions of the phospholipids and a methanol so-
lution of alamethicin were mixed in a glass test tube. Samples at dif-
ferent alamethicin concentrations were prepared keeping the lipid
content constant and varying the amount of peptide to obtain the de-
sired peptide to lipid (P:L) ratio; the P:L ratios reported in this work
refer to DMPC only. Natural alamethicin or AlmGluOMe were usedFig. 1. Alamethicin analogsfor samples prepared with the 5DPC spin label; samples with AlmT8
or AlmT16 were diamagnetically diluted using the AlmGluOMe ana-
log (17% of labeled peptides) to avoid any concentration-dependent
lineshape broadening. The ﬁnal lipid composition of the solution
was: 11.2 μmol of DMPC, 3.2 μmol of DHPC, and, where present,
25 nmol of 5DPC spin label (~0.2% of the total lipids); the q =
[DMPC]/[DHPC] ratio was therefore q = 3.5. A thick ﬁlm, containing
the lipids and the peptide, was produced by evaporation of the sol-
vent under a stream of dry nitrogen gas; the ﬁlm was dried under
vacuum overnight. The following day, the ﬁlm was scratched off the
glass tube and placed into an Eppendorf tube, then 33 μL of buffer
were added, obtaining a 25% (w/w) lipid concentration. The resulting
suspension was vortexed until it appeared homogeneous. The sample
was then placed in a bath sonicator that was ﬁlled with an ice/water
mixture and sonicated for 30 minutes. Finally, the solution was
subjected to four freeze/thaw cycles: 30 minutes in a 328 K water
bath, followed by a quick freeze in liquid nitrogen; vortexing of the
sample at each step was performed to insure perfect homogeneity.
The procedure yielded a clear, viscous, stock of bicelles with the pep-
tide incorporated in the bilayers.2.3. EPR sample preparation and EPR experiments
The volume of the EPR samples was 25 μL. The samples were
prepared as follows: 15 μL of bicelles were added to 10 μL of buffer
(for isotropic samples), or, for oriented samples, to 10 μL of buffered
lanthanide solution of Tm3+ or Dy3+ (corresponding to a ﬁnal
[Ln3+]/[DHPC] ratio of 0.1). The resulting solution was transferred
to a 1 mm inner diameter EPR quartz tube. The ﬁnal concentration
of the phospholipids was 17% (w/w). Given the experimental condi-
tions (lipid concentration, q ratio, temperature), the bicelles used in
this work are not ideal disks, but rather stacks of almost planar phos-
pholipid bilayers dotted with DHPC pores and separated by buffer re-
gions ~15 nm wide [38].
A literature procedure [28]was used to obtain aligned samples: the
sample tubewas placed at room temperature (~298 K) in the EPR cav-
ity and the magnetic ﬁeld was set to 800 mT; then the temperature
was slowly raised to 318 K and subsequently lowered to the selected
temperature, 308 K (35 °C). The magnetic ﬁeld was set to ~350 mT
and the spectrumwas recorded immediately: loss of order in the sam-
ple during the measurement time (~40 s) is negligible as a result of
the high viscosity of the bicelle solution which prevents the mem-
brane reorientation. The experiments for each sample were repeated
with Tm3+ or Dy3+ as dopants, to align themembrane normal (the di-
rection perpendicular to the plane of the membrane) parallel or per-
pendicular to the external magnetic ﬁeld.
EPR spectra were performed using a Bruker ER200D spectrometer
operating at X-band (~9.5 GHz), equipped with a rectangular cavity,
ER4102ST, ﬁtted with a cryostat, and a variable-temperature control-
ler, Bruker ER4111VT; the microwave frequency was measured by a
frequency counter, HP5342A. All spectra were obtained using the fol-
lowing parameters: microwave power 2.1 mW, modulation ampli-
tude 0.16 mT, modulation frequency 100 kHz, time constant 20 ms,
conversion time 41 ms, scan width 15 mT, 1024 points, and temper-
ature 308 K; all spectra were obtained in a single scan.employed in this work.
Table 2
Order parameter S obtained from spectral ﬁtting of 5DPC (in the presence of natural
alamethicin), AlmT8 and AlmT16 at different P:L ratios.
P:L ratio 1:20 1:50 1:100 1:200 1:300 0
Sa (5DPC) 0.25 0.30 0.35 0.40 – 0.44
Sa (AlmT8) 0.39 – 0.47 0.47 0.47 n.a.
Sa (AlmT16) 0.20 – 0.29 0.29 – n.a.
a The error estimate from the ﬁtting is ±0.02.
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We performed simulations of 5DPC, AlmT8 and AlmT16 spectra
with a program based on the stochastic Liouville equation [39], that
is extensively used to simulate EPR spectra of spin-labeled systems
[40–45]. The simulation method relies on several reference systems
whose relative orientation is deﬁned by different sets of Euler angles
[39]. The simulation parameters listed in Tables 1 and 3 have been
kept constant for the simulations of all the spectra reported in this
work. The principal values of the g and 14N hyperﬁne (A) tensors
were obtained from the literature [42,46]; the principal values of the
diffusion tensor (D), the relative orientation of its principal axes rela-
tive to the g tensor reference frame (ΩD), and the orientation of the
magnetic ﬁeld relative to the average long diffusion axis (Ψ) were
obtained from the simulation. The only parameter that changes with
the P:L ratio is the order parameter (S) that was obtained from the
spectral simulations (Table 2).
2.5. Interspin distance analysis
We performed experiments with pure AlmT8 and with AlmT8
diamagnetically diluted with AlmGluOMe (33% of labeled peptides)
in unlabeled bicelles. The spectra of AlmT8 were analyzed for dipolar
broadening, obtaining the interspin distance distributions through
the convolution methodology [47], using a program previously
described [48] that was kindly provided by prof. H.S. Mchaourab,
Vanderbilt University, Nashville (TN). The spectra of AlmT8 with 17%
of labeled peptides were used in the convolution analysis as reference
spectra, because they are not affected by dipolar broadening. In this
work, we performed the convolution analysis of the spectra obtained
at near-physiological temperature (308 K). While in ﬂuid solutions
the dipolar interaction is in principle partially averaged, it is still pos-
sible to analyze the dipolar broadening with reasonable precision,
even at physiological temperature, in highly viscous media [49,50].
In this regard, bicelles with a high q ratio are an ideal system given
their high viscosity.
3. Results and discussion
3.1. 5DPC spectra
EPR spectra at 308 K on bicelles prepared with the 5DPC spin
probe are shown in Fig. 2: the experimental spectra are reported
with a continuous line, while simulations with dashed lines. From
top to bottom we show the spectra of samples at increasing concen-
trations of natural alamethicin (left) and of AlmGluOMe (right).
The EPR spectrum in the absence of the peptide (Fig. 2A) is identi-
cal to those previously reported for bicelles labeled with 5DPC and
magnetically oriented using Tm3+ doping [28]. Macroscopically, the
membrane normal lies parallel to the magnetic ﬁeld of the spectrom-
eter; from amicroscopic point of view, the plane of the 5DPC nitroxide
ring is roughly perpendicular to the membrane normal, therefore the
average direction of the nitrogen pz orbital (corresponding to the Azz
and gzz tensor components) is parallel to the external magnetic ﬁeld.Table 1
Parameters used for the ﬁtting of the spectra of 5DPC at all P:L ratios: g and A tensors,
diffusion tensor (D), angles between the magnetic and the diffusion frame (ΩD), angle
between the diffusion frame and the membrane normal (Ψ).
g A/mT D/106 s−1 ΩDa Ψ
α β γ
5DPCb x 2.0088 0.65 8 0° 33° 0° 0°
y 2.0061 0.58 8
z 2.0027 3.35 500
a For an axial diffusion tensor the angle α is irrelevant [39].
b g and A tensors from Ref. [46].Then, the spectrum of the partially oriented 5DPC is dominated by
the largest hyperﬁne tensor component (Azz), partially averaged be-
cause of the complex motions of the lipid side chains [51].
The spectra change in a remarkable way upon increasing the P:L
ratio. Even at low P:L ratios (Fig. 2B/C/F/G), the peptide perturbs the
bilayer as evident from the “kink” appearing between the low-ﬁeld
and central lines (shown by an arrow in Fig. 2), and the broadening
observed for all the spectral features. These lineshape modiﬁcations
are more pronounced at P:L ≥1:50 (Fig. 2D/E/H). The spectra of nat-
ural alamethicin and those of AlmGluOMe are very similar at P:L
≤1:100. However, at P:L 1:20 the spectrum shows that AlmGluOMe
perturbs the bilayer somewhat less than natural alamethicin. Indeed
the spectrum of AlmGluOMe at P:L ratio 1:20 (Fig. 2H) is identical
to that of natural alamethicin at P:L ratio 1:50 (Fig. 2D).
To simulate the EPR spectra of spin-labeled membranes the com-
plex motions of the lipids side chains are usually simpliﬁed consider-
ing a very fast rotation around the long axis of the lipids parallel to
the bilayer normal [52]. For this motion, the z direction of the g and
14N hyperﬁne tensors is parallel to the axis of motion (angle βD =
0°). While simulating the spectra of oriented bicelles, we found that
an optimal simulation is obtained only considering that the z direction
of the magnetic tensors forms an angle of βD = 33° (Table 1) with the
main axis of motion. The latter is found parallel to the bilayer normal
(Ψ = 0°). The non-zero βD value, identical for all the samples with
P:L ratio from 0 to 1:20, can be rationalized considering that the
spin-labeled phospholipids have longer lipid chains (16:0) relative
to those of DMPC (14:0) which is the main component of the bicelles.
This property probably results in a ‘bend’ of the spin-labeled lipid
chains that could be the origin of the tilt of the nitroxide ring relative
to the membrane normal. Using βD = 33°, all the experimental spec-
tra could be precisely simulated by keeping constant all the magneticFig. 2. Simulated (dashed line) and experimental spectra (solid line) of DMPC/DHPC
bicelles labeled with 5DPC and oriented with the magnetic ﬁeld parallel to the bilayer
normal. The bicelles incorporate natural alamethicin (left) or AlmGluOMe (right) at in-
creasing P:L ratios, T = 308 K. (A) No peptide, (B) 1:200, (C) 1:100, (D) 1:50, (E) 1:20,
(F) 1:200, (G) 1:100, (H) 1:20.
Fig. 4. Experimental spectra of DMPC/DHPC bicelles labeled with 5DPC, incorporating
natural alamethicin at P:L ratio 1:20, T = 308 K. (A) Bicelles oriented with the mag-
netic ﬁeld parallel to the bilayer normal, (B) isotropic bicelles.
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(Table 2). This approach makes it possible to rationalize the changes
induced by the peptide in the bilayer using a single, easily interpret-
able parameter: upon increasing the peptide concentration, the
order parameter decreases as the spin labels, and therefore the phos-
pholipid chains experience a progressive loss of order. Interestingly,
the order parameter decreases exponentially by increasing the P:L
ratio (Fig. 3): this trend, observed for other structural parameters of
DOPC liposomes interacting with alamethicin, has been associated
with membrane thinning and loss of membrane rigidity [53].
A progressive loss of order of the lipids could suggest that at high
concentrations alamethicin induces the micellization of the mem-
brane (the so-called carpet mechanism [6]), but our data are not com-
patible with this hypothesis. If micellization occurs, the bicellar phase
would be destroyed and this implies a complete loss of the membrane
macroscopic orientation relative to the magnetic ﬁeld; in this condi-
tion the spectrum of 5DPC would be that of an isotropic bicellar sam-
ple (i.e. a samplewhere nomacroscopic order is present). To prove the
absence ofmicellization,we report the spectra of 5DPC in the presence
of alamethicin, P:L ratio 1:20, recorded in oriented bicelles (Fig. 4A,
the same as in Fig. 2E) and in isotropic bicelles (Fig. 4B, the isotropic
bicellar phase is obtained by preparing the sample in the absence of
lanthanide doping andwithout performing the alignment procedure).
As it can be seen from Fig. 4, the two spectra are quite different, prov-
ing that the high loss of order originates from lipid chain disorder and
not frommembrane micellization; therefore, alamethicin does not act
as a detergent for P:L ratios up to 1:20.
The progressive decrease in the order parameter of the lipids at
increasing peptide concentrations is observed for both natural
alamethicin and AlmGluOMe, but the esteriﬁed derivative has a some-
what smaller perturbing effect than the natural peptide. The 3D struc-
tures of the two peptides are identical both in solution and in the
solid state [35,36], then the difference between the two peptides is
ascribable to the more hydrophobic nature of the esteriﬁed side
chains of AlmGluOMe that allows a more favorable interaction with
the lipid core of the membrane. In a previous study [37], a membrane-
permeating assay showed that AlmGluOMe is slightly more active
than the natural peptide in small unilamellar vesicles composed of
phosphatidylcholine and 30% cholesterol. Therefore, model mem-
branes of different lipid compositions may be able to highlight
slightly different properties of the analog, as respect to alamethicin,
whilst proving that those differences do not affect the overall pep-
tide behavior.Fig. 3. Order parameter S for the 5DPC spin label in bicelles at increasing alamethicin P:L
ratios obtained from the spectral simulations shown in Fig. 2. The line is a mono-
exponential ﬁtting of the points.3.2. AlmT8 and AlmT16
The dynamics and orientation of alamethicin in the membrane
have been studied using the labeled AlmT8 and AlmT16 analogs
(Fig. 1) in unlabeled bicelles at 308 K. We chose these labeling posi-
tions to study the two different portions of the peptide: indeed, the
crystal structure of alamethicin shows that it adopts a helical struc-
ture interrupted by a kink following the proline residue at position
14 [35,54]; the longer N-terminal segment is an α-helix, while the
shorter C-terminal segment is essentially a 310-helix [35].
In Fig. 5 we show the spectra of themagnetically-aligned samples at
increasing P:L ratios for AlmT8 (Fig. 5A–D), and AlmT16 (Fig. 5F–G): the
spectra are collected with the magnetic ﬁeld parallel to the membrane
normal. In Fig. 5E we report the spectrum of AlmT8 in isotropic bicelles
(P:L ratio 1:100). All samples with P:L ratios ≤1:100 (Fig. 5A–C, F–G)
have the same lineshape. The spectrum changes slightly at P:L ratio
1:20 (Fig. 5D) but the general shape is retained. The spectra of
AlmT16 show some very minor contributions from the free spin label
(≪1%). In Fig. 6 we report the spectra of AlmT8 and AlmT16 at P:L ra-
tios 1:200 and 1:20 collected with the magnetic ﬁeld perpendicular to
the membrane normal.
The spectra of the magnetically-aligned samples in Figs. 5 and 6
are similar to those previously reported for alamethicin in quartz-
supported oriented membranes [9]: the lineshape is typical for a
TOAC labeled peptide that adopts a transmembrane orientation
[30,42]. We obtained more detailed information on the orientation
and dynamics of the peptide in the membrane by performing a global
simulation of the spectra at different P:L ratios with the magnetic ﬁeld
parallel or perpendicular to the membrane normal, both for AlmT8
and AlmT16. In Tables 2 and 3 we report the parameters used in
the simulations: the magnetic parameters of the spin label (g and A
tensors) were taken from the literature [42], while the simulations
provided the diffusion tensor (D), the orientation of the magnetic ten-
sors relative to the long axis of the peptide motion (ΩD), the order
parameter (S), and the angle between the average long diffusion axis
and the magnetic ﬁeld (Ψ). The orientation of the peptide and of its
Fig. 5. Simulated (dashed line) and experimental spectra (solid line) of AlmT8 or
AlmT16 diluted with AlmGluOMe (17% spin-labeled peptide) at increasing P:L ratios
in DMPC/DHPC bicelles oriented with the magnetic ﬁeld parallel to the bilayer normal,
T = 308 K. AlmT8 (A) P:L 1:300; (B) P:L 1:200; (C) P:L 1:100; (D) P:L 1:20; (E) isotro-
pic bicelles. AlmT16 (F) P:L 1:200; (G) P:L 1:100; (H) P:L 1:20.
Table 3
Parameters used for the ﬁtting of the spectra of AlmT8 and AlmT16 at all P:L ratios: g
and A tensors, diffusion tensor (D), angles between the magnetic and the diffusion
frame (ΩD), angle between the diffusion frame and the membrane normal (Ψ).
g A/mT D/106 s−1 ΩDa Ψ
α β γ
AlmT8b / AlmT16b x 2.0096 0.56 9. 0° 22°/13° 90° 25°
y 2.0064 0.56 9.
z 2.0027 3.3 370.
a For an axial diffusion tensor the angle α is irrelevant [39].
b g and A tensor principal values from Ref. [42]. The spectra of AlmT8 in frozen solu-
tion show lower values for the Azz hyperﬁne component (data not shown).
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ically in the cartoon in Fig. 7.
For an oriented sample, the angleΨ (25° ± 5°) corresponds to the
orientation of the peptide relative to the membrane normal and con-
ﬁrms the transmembrane orientation of alamethicin, in agreement
with recent reports [9,11–13,15,16]. The matching of the length of
the hydrophobic region of the peptide with the hydrophobic thick-
ness of the membrane has been recognized as one of the most impor-
tant requirements for a stable transmembrane insertion [55]. Tilting
of the peptide helix relative to the membrane normal is a common
response to hydrophobic mismatch [56–59]. Recently, the Im and
Ben-Tal groups [56–59] have provided novel insights into the driving
forces of helix tilting in the presence of hydrophobic mismatch.
Potential-of-mean-force calculations showed that the tilting of a
transmembrane helix is determined by two contributions: the pre-
cession entropy, that causes an helical tilt even in the absence of hy-
drophobic mismatch, and the helix–lipid interactions that could be
sequence- and length-speciﬁc. In particular, an equation has beenFig. 6. Simulated (dashed line) and experimental spectra (solid line) of AlmT8 or
AlmT16 diluted with AlmGluOMe (17% spin-labeled peptide) at increasing P:L ratios
in DMPC/DHPC bicelles oriented with the magnetic ﬁeld perpendicular to the bilayer
normal, T = 308 K. AlmT8 (A) P:L 1:200; (B) P:L 1:20. AlmT16 (C) P:L 1:200; (D) P:L
1:20.derived relating the helical tilt angle to the membrane thickness
and to the hydrophobic length of the peptide (Peff, the helix portion
that interacts with the lipid chains) [59]. On the basis of this equation,
we estimate Peff of alamethicin interacting with bicelles, using the
hydrocarbon thickness reported for a ﬂuid DMPC bilayer (2.57 nm
at 30 °C [60]) and the peptide tilt angle that we found (25°). Peff is
~2.7 nm, while the total length of alamethicin obtained from the
X-ray crystallographic structure is 2.9 nm [35,54]. This result suggests
that the crystal structure of alamethicin is a good estimate for the
membrane-associated structure.
Additionally, since the tilt angle does not change with the P:L
ratio, we can conclude that in DHPC/DMPC bicelles, in the range of
concentrations we explored, there is no transition from a surface to
a transmembrane state at increasing peptide concentrations as previ-
ously suggested [21]. The orientation of alamethicin we found is in
contrast with the results obtained from a SFG vibrational spectrosco-
py study, where the helical section at the N terminus was found to be
tilted by 63° with respect to the membrane normal in the ﬂuid phase
of DMPC vesicles [10]. The same authors determined an angle of 72°
for the N terminus helix of alamethicin in POPC lipid bilayer at
pH = 6.7 [61].
Another interesting point that emerges from recent reports is that
the alamethicin helix inserted in membranes shows a rather high de-
gree of dynamics [15,16]. Also in the gel-phase, even at very low tem-
peratures, there is a signiﬁcant librational motion of the backbone
[26]. Our results show that, at physiological temperature, the peptide
undergoes a strongly anisotropic motion with a very fast rotation
around a mean diffusion axis that is probably in-between the two he-
lical portions. Since the motional parameters are the same for the two
labeling positions, the different ΩD values observed for AlmT8 and
AlmT16 imply that the peptide does not form a continuous helix,
and thereby the bent structure observed in the crystal [35] is retained
in bicelles as well. At variance from the dynamics, there is a signiﬁcantFig. 7. In-scale cartoon of the DMPC bilayer incorporating alamethicin (PDB ID: 1AMT).
The peptide is shown from two viewing angles (only the orientation of the peptide and
not its insertion depth are represented here). The bilayer normal forms an angle Ψ =
25° with the peptide diffusion axis. The two Aib residues substituted by the TOAC spin
label (Aib8 and Aib16) are highlighted. The position of the doxyl nitroxide in the bilayer
and the orientation of the Z axis of the nitroxides magnetic tensors (ZM) are shown. The
bilayer hydrophobic thickness at 30 °C is ~2.6 nm [60].
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(Table 2), with a much lower value for AlmT16. This result suggests
that the longer N-terminal segment is much more ordered that the
short C-terminal segment: the different order we ﬁnd in the ﬂuid
membrane phase is reﬂected in the crystal structure as well, where
two molecular conformations were detected that differ mainly in the
C-terminal part of the peptide [35]. The order parameters obtained
for AlmT8 and AlmT16 are constant within the experimental error
for P:L ratios ≤1:100, while they slightly decrease for P:L = 1:20
(Table 2). It is interesting to note that, at variance with the peptide,
the order parameter of the lipids strongly decreases with increasing
P:L ratios, as previously discussed. This result agrees with recent
molecular dynamics simulations on the changes in mobility of the
lipids following antimicrobial peptides incorporation [15,62–65]: it
has been observed that even a relatively small number of membrane-
bound peptides can induce noticeable changes in the membrane struc-
ture, and a single peptide is capable of inducing a signiﬁcant local bend-
ing of the lipids.
3.3. Study of alamethicin aggregation
We investigated the aggregation properties of alamethicin at in-
creasing P:L ratios, using pure AlmT8 (100% of labeled peptide), and
AlmT8 diluted with the diamagnetic analog AlmGluOMe (33% of la-
beled peptide), in unlabeled bicelles at 308 K. The CW EPR spectra at
different diamagnetic dilutions, and the interspin distances obtainedFig. 8. Study of alamethicin aggregation in DMPC/DHPC bicelles at 308 K. Top left, P:L ratio
age: (A) 17% labeling; (B) 33% labeling; (C) 100% labeling. Top right, P:L ratio 1:50, AlmT8 d
beling; (E) 33% labeling; (F) 100% labeling. The convolution ﬁttings are superimposed to th
white squares (spectrum F). Bottom right, distance distribution curves obtained from the d
cartoon representing the hexameric alamethicin aggregate for the labeling ratios 33% (le
white and AlmT8 in grey with the TOAC label in black.by the convolution analysis [47,48] of the lineshapes are reported in
Fig. 8.
We performed the distance studies using CW EPR and the convo-
lution analysis because with this method reliable information on
interspin distances can be obtained at a physiologically relevant tem-
peratures [49,50]. The CW EPR method has the disadvantage that the
observable distances are limited to the ~1.0–2.5 nm range, while
pulsed EPR experiments are sensitive to distances in the range of
~1.8–6.0 nm, but have the limitation of being applicable only at liquid
nitrogen temperatures.
At low peptide concentration (P:L 1:300) there is no sign of dipo-
lar broadening and the spectra at different diamagnetic dilution can
be superimposed. This result conﬁrms that alamethicin is monomeric
at low concentration and no aggregation takes place. At high peptide
concentration (P:L 1:50) the lineshape broadens as a result of spin–
spin interaction, and the broadening depends on the diamagnetic
dilution of the peptides. The convolution analysis on samples with
100% labeling (Fig. 8F) shows that the TOAC labels have an average
distance of 1.8 nm, and a broad distance distribution. There is a
distinctive broadening also in the spectra of samples with 33% label-
ing (Fig. 8E): the convolution analysis shows a broad distance distri-
bution with a maximum (~2.7 nm) that is beyond the detection
limit of CW EPR. In any case, longer interspin distances are expected
for a lower degree of labeling.
FollowingHe et al. [5] the results obtained at physiological temper-
ature can be interpreted in terms of a simple geometrical model that1:300, AlmT8 diamagnetically diluted with AlmGluOMe at increasing labeling percent-
iamagnetically diluted with AlmGluOMe at increasing labeling percentage: (D) 17% la-
e experimental spectra and are reported as grey lines with black dots (spectrum E) or
econvolution analysis of spectrum E (black dots), and F (white squares). Bottom left,
ft) and 100% (right), corresponding to spectra E and F, respectively: AlmGluOMe in
2626 M. Bortolus et al. / Biochimica et Biophysica Acta 1828 (2013) 2620–2627considers the helices as rigid cylinders in ordered bundles: even if a
purely geometric interpretation of the distances without modeling of
the peptide is rather simplistic, nevertheless it can adequately ratio-
nalize our experimental data. We consider the helix diameter of
alamethicin to be ~1.1 nm [5], and assume that the nitroxides are lo-
cated in the hydrophobic region of the pore pointing away from the
channel center (see the cartoon in Fig. 8). Then, the average distances
determined (1.8 nm and ~2.7 nm) are in good agreement with the
closest and the second closest distances present in any bundle ranging
from a pentamer (1.75 nm and 2.8 nm) to an octamer (1.5 nm and
2.8 nm), but are much smaller than what would be found for a tetra-
mer (~3 nm and 4.2 nm). In conclusion, the broad distance distribu-
tion we ﬁnd suggests that oligomers of different sizes are present,
but tetramers seem to be only a minor part of the size distribution.
Several models of aggregated alamethicin have been proposed
using EPR spectroscopy [12,25,66–69] and theoretical methods, such
as molecular dynamics and implicit solvent model [64,70–77]. Milov
et al. [25] obtained a mean inter-spin distance of 2.3 nm and a rather
broad distance distribution from pulsed-EPR experiments on AlmT1,
AlmT8 and AlmT16 in egg-PC at 77 K at a 1:70 P:L ratio; data analysis
suggested that the oligomers are comprised of four peptides in a
peculiar arrangement. However, molecular dynamics simulations sug-
gested that the four-helix bundle is unstable, and that the most stable
aggregate is the hexamer [73], even if other theoretical studies have
pointed out that some hexameric structures are unstable or very
irregular [64,74]. An interesting point that emerges from the simula-
tions is the presence of some dispersion in the aggregation number, a
feature that has been related to the different levels of conductance
in electrophysiology experiments [73]. The rather broad distance distri-
butions that we have found are in agreement with the molecular
dynamics simulations, thus supporting the suggestion that at physio-
logical temperatures the aggregation number in pores is highly variable.
4. Conclusions
A twofold labeling approach, labeling alternatively the peptide
or the membrane, allowed us to obtain a full picture of the interac-
tion of alamethicin with the bilayer. We chose bicelles as a
membrane-mimetic phase since they permit to study the structural
and dynamics of membrane-bound peptides at physiological temper-
ature with greater spectral resolution than lipid vesicles. By careful
simulation of the EPR lineshapes, we have shown that alamethicin
progressively perturbs the bilayer as its concentration increases,
with an exponential decrease of the order parameter of the lipids,
suggesting that the peptide signiﬁcantly alters the lipid packing and
the elastic properties of the membrane. Nevertheless, alamethicin
does not completely destroy the membrane even at a P:L ratio of
1:20. While the membrane becomes progressively more disordered,
the peptide helix does not change its orientation and dynamics, a
sign that it is very stably embedded in the lipid phase. Only at the
highest P:L ratio (1:20), the order parameter of the peptide decreases
somewhat, probably as a consequence of the extreme bilayer
perturbation at this P:L ratio. Alamethicin adopts a transmembrane
orientation at all of the P:L ratios explored (1:300 to 1:20), the long
diffusion axis of the peptide forming an average angle of 25° with
the bilayer normal. This helical tilt implies that alamethicin matches
the bilayer thickness of the bicelles, as shown schematically in Fig. 7.
By combining experiments at increasing labeling percentage with
the convolution analysis of the EPR lineshapes, we have shown that,
at physiological temperature and in the absence of a transmembrane
potential, alamethicin is monomeric at P:L ratios greater than 1:50.
At higher P:L ratios the peptide aggregates, but the experimentally
obtained broad distribution of interspin distances suggests that there
is no ﬁxed number of peptides per aggregate, but rather a distribution
of them, with aggregation numbers from six to eight having the
highest population.Acknowledgements
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